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fitting range. Therefore, without prior knowledge of un- 
steady-flow values of ~ and C, this technique should be 
applied only with great caution to unsteady turbulent 
boundary layers in which the stress - ~  fi~ is present. 
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1 Introduction 
Methods to account for finite spatial resolution and 
induced downwash velocity are given for multiple-hole 
pressure probes as they are used to measure complex 
three-dimensional flow fields. Spatial resolution limita- 
tions result because pressures from different ports are not 
measured at the same physical location. As transverse 
gradients increase in magnitude, uncorrected errors then 
become larger. Because of this, most existing correction 
techniques employ schemes which depend on gradients of 
velocity or pressure (Ikui and Inoue 1970; Sitaram et al. 
1981; Eibeck and Eaton 1985; Westphal etal. 1987). A 
simpler and more sensible approach for a five-hole probe 
corrects pressures so that all appear to be measured at the 
location of the central hole by accounting for the exact 
spacing between different pressure ports. 
Induced downwash velocity is part of the secondary 
flow which occurs as a result of the blockage of blunt 
bodies within transverse gradients of mean streamwise 
velocity. Young and Mass (1936) studied this phenomena 
as it results from flat faced pitot probes, showing that 
measured boundary layer velocities correspond to posi- 
tions farther from the wall than the probe position. 
Livesey (1956) extended these results to demonstrate that 
apparent streamline displacement depends strongly on 
probe shape. In the present technical note, induced down- 
wash velocity is corrected by assuming it to be propor- 
tional to transverse gradients of streamwise velocity. 
2 Experimental apparatus and procedures 
Two five hole angle-type pressure probes are used in this 
study. One of these is a United Sensor DC-250-24CD 
conical five-hole probe with a tip diameter of 6.35 mm. 
The other is a miniature five-hole probe with a 1.22 mm 
tip diameter. The probes are calibrated in the uniform 
freestream of an open circuit blower tunnel located in the 
laboratories of the Department of Mechanical Engineering 
at the Naval Postgraduate School. Celesco model LCVR 
variable reluctance transducers with a full scale pressure 
range of 2 cm of water are used with the United Sensor 
probe. Validyne model DP103-06 variable reluctance 
transducers with a full scale range of 0.25 cm of water 
differential pressure are used with the miniature probe. 
Calibration and measurement procedures to obtain time- 
averaged measurements are described in detail by Ligrani 
et al. (1988) for the smaller probe, and by Williams (1988) 
for the larger probe. 
3 Spatial resolution correction 
Figure 1 illustrates how the present spatial resolution 
scheme is applied. Here, the x coordinate represents the 
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Fig. 1. Successive positions of the five-hole probe and probe 
ports, looking downstream 
streamwise direction, the y coordinate refers to distance 
from the surface, and the z coordinate is in the spanwise 
direction. 'In Fig. 1 locations of the five pressure ports are 
shown as the probe is moved to different z locations at a 
constant value of y. For this case, to simplify discussion, 
corrections are applied only to ports 2 and 3. In most com- 
plex flow applications, though, the scheme is also used 
simultaneously for pressures from ports 4 and 5, provided 
probe data are available for at least 3 locations in dif- 
ferent planes normal to the wall. 
The correction is implemented after pressures from 
each of the five holes are recorded at measurement loca- 
tions k = 1, 2, 3 . . .  n. As a first step, cubic spline curves 
are fit to pressures measured at port 2 for these probe 
pogitions. The exact spanwise position of this port is used, 
zk + d, where d is the distance between the center hole, 
(port 1) and the center position of each adjacent hole. A 
similar procedure is used for P3 measured from port 3, 
except that its locations are z k -  d. One smooth curve is 
constructed for each port, each of which is then used to 
calculate the values of  Pz, k and P3,k at the location of 
port 1, zk. P2, k and P3, k are then fully corrected to account 
for finite spatial resolution. 
With this approach, there are no adjustable coefficients. 
Required are y and z locations of port 1, and d, the 
distance between port 1 and the other probe pressure 
ports. For the miniature probe and the United Sensor 
probe, d equals 0.41 mm and 2.67 mm, respectively. 
4 Induced downwash velocity correction 
The present correction for induced downwash velocity is 
based on the work of Lighthill (1957), wherein he de- 
scribes flow around a sphere in a uniform velocity 
gradient. The displacement of the stagnation streamline is 
caused by downwash velocity near the sphere, with flow 
from regions of high streamwise velocity to regions of 
lower streamwise velocity. Induced downwash velocity in 
the s direction is then proportional to d V / d s ,  the gradient 
of the V component of velocity with respect to s, which is 
normal to the direction of K Corrected normal and span- 
wise velocity components V r and V~ for an axisymmetric 
probe are then given by 
V r = Vr, , + A d V~,/dy and V 2 = V~,, + A d V x / d z .  
Here, A is dependent on probe tip size and geometry, and Vy, 
and V~, represent uncorrected velocities. 
In order to determine d,  measurements were made in a 
two-dimensional fiat-plate turbulent boundary layer with 
a momentum thickness Reynolds number about 1650, a 
boundary layer thickness of about 2.5 cm, and a free- 
stream velocity of 10 m/s. The optimal A was chosen to be 
1.27 mm or 20% of the probe diameter to give corrected 
y-component mean velocities which are uniform and 
nearly equal to zero over the entire boundary layer 
thickness. 
5 Qualification of  the corrections 
To qualify the corrections schemes, they were employed 
in several additional flows, including vortices embedded 
within turbulent boundary layers, and flow in a curved 
channel with 1.27 cm width, h, 40 to 1 aspect ratio, and 
59.7 cm convex surface curvature. The latter flow is dis- 
cussed here. 
For measurements in the channel, the miniature five- 
hole probe is located in a spanwise/radial plane 120 ~ 
from the start of curvature. For these experimental con- 
ditions, pairs counter-rotating vortices are reasonably 
steady and spatially periodic, with strong secondary mo- 
tion. The velocity and pressure fields thus have gradients 
in both spanwise and radial directions. Because of this 
complexity, and because the channel cross section is so 
small, the flow is difficult to probe and a difficult test case 
for the correction schemes. 
After both spatial resolution and downwash corrections 
are applied (the value of A used is again 20% of the probe 
tip diameter or 0.25 ram), secondary flow vectors dearly 
show pairs of counter-rotating vortices including upwash 
regions from the concave to the convex surfaces. Contours 
of streamwise vorticity calculated from these vectors are 
presented in Fig. 2. Here, several circular regions of vor- 
ticity are evident, where regions of positive vorticity are 
adjacent to regions of negative vorticity. This distribution 
is consistent with flow visualisation, and the streamwise 
velocity contours in Fig. 3. In these figures, z is measured 
from the channel centerline, and y is measured from the 
concave surface. A comparison of Figs. 2 and 3 reveals that 
streamwise velocity deficits coincide with regions between 
the vortices in any pair, or regions of secondary flow upwash 
from concave to convex surfaces. Without both corrections, 
secondary flow vectors from the channel are physically un- 
realistic, especially near surfaces, since most vectors point 
from regions of high streamwise velocity to lower speed 
regions. These uncorrected vectors give vorticity distribu- 
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Fig. 2. Mean streamwise vorticity contours in curved channel flow 120 ~ from the start of curvature at a Dean number of 126; vorticity 
contours are calculated from secondary flow vectors corrected for finite spatial resolution and induced downwash velocity; streamwise 
vorticity (l/s) ranges: 0, - 5 0 - -  40; 1, - 4 0 - -  30; 2, - 3 0 - -  20; 3, - 2 0 - -  10; 4, - 1 0 - 1 0 ;  5, 10-20; 6, 20-30; 7, 30-40; 8, 40-50. 
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Fig. 3. Mean streamwise velocity contours in curved channel flow 120 ~ from the start of curvature at a Dean number of 126; streamwise 
velocity (m/s) ranges: 0, .60-.73; 1, .73 .86; 2, .86-.99; 3, .99-1.12; 4, 1.12 1.25; 5, 1.25-1.38; 6, 1.38-1.51; 7, 1.5l-1.64. 
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